potentials are required for wave propagation, the sodium channel blocker TTX was bath applied to the retina, The population of starburst amacrines displaced to the ganglion cell layer contains adenosine in addition while a large population of both amacrine and ganglion cells were monitored using calcium imaging. TTX (2 M) to GABA and ACh in the adult (Blazynski, 1989) . Adenosine is also found in ganglion cells and other amacrine does not eliminate the increases in intracellular calcium associated with waves (n ϭ 5 retinas; Figure 1A ), alcells in the adult retina (Braas et al., 1987) , and A1 and A2 adenosine receptors are found throughout the adult though both the frequency of occurrence and the magnitude of the fluorescence change are diminished (Figure retina (Blazynski, 1990) . Adenosine can regulate rhythmic network behavior in a mature neural circuit (Dale 1B). However, the loss of sodium action potentials in RGCs would be expected to significantly reduce the and Gilday, 1996), and adenosine acting through A2 receptors has been shown to increase release of ACh calcium influx through voltage-gated calcium channels and therefore lower the magnitude of the fluorescence (reviewed by Sebastiao and Ribeiro, 1996). Thus, adenosine is also a good candidate for contributing to or modchange. This could result in some waves occurring below our threshold of detection and would exaggerate ulating the dynamics of retinal waves.
Here, we examine the effects of various agents on the any true alteration in wave frequency.
To detect waves independently of intracellular calspatiotemporal properties of retinal waves during the first 2 postnatal weeks of development in ferrets, when cium changes, we recorded from RGCs by whole-cell voltage clamp before and during bath application of it is known that retinal waves are required for ganglion cell axons to segregate into eye-specific layers within
TTX. Previous experiments have demonstrated that compound postsynaptic currents (PSCs) occur simultanethe LGN (Penn et al., 1998). We show adenosine profoundly regulates the spatiotemporal properties of waves.
ously with the changes in fluorescence associated with propagating waves and reflect synaptic input from amaEndogenous adenosine transmission is required for normal frequency, velocity, and area of waves, and adenocrine cells (Feller et al., 1996) . The cells (11 cells from 11 retinas) were all ganglion cells, as classified by large sine agonists can increase these wave parameters dramatically. By immunohistochemistry, we demonstrate soma size and in some cases the existence of an axon when filled with Lucifer yellow during the recording (n ϭ that A2 adenosine receptors are localized to a subset of cells within the inner retina at the relevant postnatal 2). Compound PSCs persist during application of TTX ( Figure 1C ) and do not vary significantly in amplitude ages. The spatiotemporal effects of changes in adenosine transmission can be fully explained by changes in (105% Ϯ 8% of control amplitude, p Ͼ 0.4, Student's t test) but occur slightly less frequently than normal levels of cAMP, which regulate protein kinase A (PKA) activity and thereby increase the activity in the amacrine (79% Ϯ 6% of control frequency, p Ͻ 0.01; Figure 1D ). The TTX was sufficient to block sodium action potencell network. Together, these results demonstrate that an early purinergic network, independent of sodium actials, as all cells lost their inward sodium currents evoked by voltage steps (data not shown), and spikes could not tion potentials, governs the specific spatiotemporal patterns of neural activity present in the developing mambe induced by depolarizing the cells in current clamp (n ϭ 4). Monitoring RGC membrane potentials showed malian retina.
little change in the slow depolarizations associated with waves, though the action potentials were blocked (Figure 1C) led to a marked increase in wave frequency ( Figure 3A) . 1998), which are likely present at ages when waves occur (Penn et al., 1994). As with adenosine agonists, exogWaves, which normally occur at a rate of 0.84 Ϯ 0.13 waves/min at any given location on the retina, occur at enously applied dopamine (100-400 M) also increases wave frequency (from 0.78 Ϯ 0.10 waves/min in control a rate of 2.52 Ϯ 0.12 waves/min in NECA (n ϭ 4 retinas).
To test whether endogenous adenosine release norconditions to 5.06 Ϯ 1.14 waves/min in dopamine, n ϭ 5; Figure 4A ). Higher doses of dopamine actually prevent mally sets the frequency of waves, retinas were incubated in adenosine deaminase, an enzyme that deall wave activity (1 mM dopamine, n ϭ 3; data not shown). However, dopamine does not appear to be necgrades extracellular adenosine ( nipulations on wave dynamics. A remaining possibility is that cAMP increases the probability of transmitter Thus, a change in postsynaptic AChR sensitivity is not likely to account for the observed effects of forskolin release. Unfortunately, we cannot directly measure the probability of release in our preparation since TTX does on wave dynamics.
Another possible explanation is that forskolin may not block the compound PSCs associated with waves and, therefore, miniature spontaneous synaptic events elevate the resting membrane potential or otherwise increase membrane excitability, thereby lowering the cannot be isolated. We consider this possibility more fully in the Discussion. threshold for a cell in the network to be recruited into a wave. We did observe a small tonic 3.7 Ϯ 0.4 mV depolarization of RGCs induced by forskolin (n ϭ 4 cells from 4 retinas) and a similar depolarization in the presDiscussion ence of dopamine (7 mV, n ϭ 3). Nevertheless, the effects of forskolin, NECA, or dopamine on wave dynamics
The major finding of this study is that spatiotemporal properties of the spontaneous waves are determined could not be reproduced simply by tonically depolarizing the cells. Increasing extracellular potassium (to 5 mM by a cAMP-PKA cascade, which is regulated by endogenous adenosine within the developing mammalian retfrom the 2.5 mM in normal ACSF) to induce a similar change in resting membrane potential only induces a ina. Increasing cAMP using a variety of pharmacological cells are not necessary for the initiation or propagation of waves. These results indicate that the dynamic properties of this developing synaptic network are regulated by a purinergic receptor-activated second-messenger cascade that is independent of sodium action potentials. tween eyes (Katz and Shatz, 1996; Crair, 1999). Small,
Release of Transmitter during Retinal Waves Is Independent of Action Potentials

Optical Recording
Genotyping Dopamine-deficient mice, generously provided by R. Palmiter, were Isolated retinas were incubated with 10 M Fura 2-AM (Molecular Probes) in ACSF containing 1% DMSO and 0.02% pluronic acid for genotyped by Southern blot, following the protocol of Zhou and Palmiter (1995) . Note that in these mice TH, the rate limiting enzyme 2-6 hr in an oxygenated chamber at 28ЊC. All experiments were conducted with 380 nm illumination using either a 6.3ϫ (Zeiss Neoin dopamine production, was knocked in under the dopamine ␤-hydroxylase promoter to allow production of norepinephrine, in fluor) or 10ϫ (Nikon) objective. Images were acquired with a SIT camera (Dage, MIT 300). Initially, a background frame was acquired order to avoid embryonic lethality (see Zhou and Palmiter, 1995, for more details). that was then subtracted on a pixel-by-pixel basis from all subsequent frames to create a difference image. The difference image was averaged over four video frames, giving a time resolution of Acknowledgments 120 ms/frame. Movies of fluorescence changes were acquired onto Hi-8 videotape (Sony) with Metamorph Software (Universal Imaging).
We 8694.
